Chl is essential to the vital process of photosynthesis in green plants. Chl biosynthesis produces the greening of plants in spring and its degradation is manifested as the loss of green pigmentation in fruit ripening and autumnal deciduous leaves in temperate zones. Biosynthesis of porphyrins and particularly that of Chl during early greening stages of seedlings has been elucidated in great detail (Tripathy and Rebeiz, 1986 , 1987 , 1988 ; for recent reviews, see Leeper et al., 1991; Richards, 1992) . Chl disappearance has been the main criterion in the study of senescence (for review, see Thomas and Stoddart, 1980) . However, there is little information about Chl metabolism during senescence (for recent reviews, see Matile et al., 1989; Brown et al., 1991) . Thanks to the efforts of a few investigators, the putative catabolic products of Chl, i.e. Chl al (Maunders et al., 1983) , pheophytin (Schoch et al., 1981; Schoch and Vielwerth, 1983 ; Amir- Shapira et al., 1987) , pyropheophytin (Schoch et al., 1981) , in certain species pheophorbide and Chlide (Amir-Shapira et al., 1987) , and a vacuole-localized pink pigment having an absorption maximum at 520 nm (Matile et al., 1988) , have been detected. Recently, a Chl catabolic product, rusty pigment (RP 14) produced by oxidative cleavage of Chl macro-cycle at the a position of the methine bridge, was identified in senescing barley leaves (Krautler et al., 1991 (Krautler et al., , 1992 . The formation of a similar linear tetrapyrrole produced by oxidative ring cleavage of Chl a at the C4-C5 methine bridge has been demonstrated during nitrogen starvation of green alga Chlorella (Engel et al., 1991) . The fluorescent Chl catabolites accumulate at the intermediate stages of Chl degradation, whereas nonfluorescent Chl catabolites represent almost the final phase. Recently, Ginsburg and Matile (1993) proposed a nomenclature of secoporphinoid Chl catabolites based on (a) optical properties of the catabolite, i.e. fluorescent or nonfluorescent; (b) elution profile of the catabolites on the reverse-phase HPLC due to changing polarity; and (c) plant species concemed. Senescence-induced differential gene expression and tumover of various proteins and Chlbinding apoproteins associated with thylakoid membranes have been demonstrated in a normal cultivar and a nonyellowing mutant of Festuca pratensis (Hilditch et al., 1989; Davies et al., 1990; Nock et al., 1992; Thomas et al., 1992) .
In the developing leaves of grasses, in which lamina grows from the basal meristem, the cell age increases in proximity to the leaf tip, and this positional gradient has been exploited as an excellent tool for the study of plastid development and photosynthetic gene expression at various developmental stages of cells (Williams and Kennedy, 1978; Viro and Kloppstech, 1980; Mayfield and Taylor, 1984; Martineau and Taylor, 1985) . A vast majority of investigators study senescence in vitro in detached leaves because of the relative ease of manipulating the experimental protocol compared to the complexity of using attached leaves. Additionally, there is a greater variability in experimental results during senescence in attached leaves because of the uncertainty of the exact time of onset of senescence. Comparative studies reveal that the senescence-induced degradation pattems of Chl, carotenoid, total protein, D1 protein, light harvesting Chl-protein complex 11, 33-kD protein of the oxygen-evolving complex, total RNA, and the transcripts of Cab, psbA, and petA genes encoding light-harvesting Chl-protein complex 11, 32-kD D1 protein, and Cyt f, respectively, are similar in attached and detached leaves (Thomas, 1990; Thomas et al., 1992) . Therefore, the in vitro experimental system in which detached leaves are used will continue to be an excellent system in which to study the anabolic and catabolic reactions during senescence.
The half-life of Chl molecules in 8-d-old maturing wheat Plant Physiol. Vol 105, 1994 and barley leaves is between 35 and 77 h (Stobart and Hendry, 1984; Hendry and Stobart, 1986) . During senescence, because of higher activity of Chl-catabolizing enzymes and especially that of chlorophyllase (Klein and Vishniac, 1961; McFeeters et al., 1971; Thimann, 1980; Terpstra, 1981) , the life span of a Chl molecule is expected to decrease. Chl degraded in mature green plants is usually replenished by the newly synthesized molecules. Therefore, it is essential to investigate the ability of the senescing leaves to synthesize Chl. However, we know little about Chl biosynthetic reactions and the fate of Chl anabolic enzymes during senescence of green leaves, although the catabolism of Mg-protoporphyrin monoester has been demonstrated in etiolated tissues of red kidney beans (Vlcek and Gassman, 1979; Hougen et al., 1982) . Kinetin controls the degradation of Chl by suppressjng the action of Chl-catabolizing enzymes (Richmond and Lang, 1957) . Almost nothing is known about the action of kinetin on Chl biosynthetic enzymes. The aim of the present investigation was to study the Chl biosynthetic reactions during senescence of detached barley leaves in the absence and presence of kinetin, a well-known plant hormone that retards senescence (Richmond and Lang, 1957) . Chlide is implicated as the degradation product of Chl in certain species (Amir-Shapira et al., 1987) , and it is difficult to distinguish between the anabolic and catabolic pools of Chlide. Therefore, its synthesis is indirectly estimated from the disappearance of Pchlide as a result of its phototransformation to Chlide.
MATERIALS AND METHODS

Plant Material
Barley ( H o r d e u m vulgare L. IB 65) plants were grown on Petri plates (14.5 cm in diameter) on moist filter paper under white fluorescent light at 25OC as described previously (Tripathy and Chakraborty, 1991) . Fully expanded leaf segments (4-5 cm long) were cut from the apex and weighed. Four replicates of 250 mg of leaves (five leaves) were floated in Petri plates containing 15 mL of double-distilled water or 50 ~L M kinetin solution. The Petri plates were kept in the dark at 25OC for 7 to 8 d. Samples were removed at 24-h intervals for assay.
Chl
The leaves were homogenized in a mortar and pestle in 80% acetone, and Chl was estimated according to the method of Amon (1949) .
Protein
Protein from the leaf samples was measured according to the method of Lowry et al. (1951) .
Quantitative Estimation of Pchlide
Leaf homogenization was camed out in the dark to prevent the phototransformation of Pchlide to Chlide. Leaves were homogenized in 80% acetone, and the homogenate was centrifuged at 8OOOg for 5 min at 4OC to remove the debris.
Hexane was then added to the acetone extract. Fully esterified tetrapynrole Chl was extracted in hexane, whereai; carboxylic tetrapynrole Pchlide remained in the aqueous hexane-extracted <acetone residue solvent mixture (Chakraborty and Tripathy, 1992) . Quantitative estimation of Pchlicle thus partitioned was carried out spectrofluorometrically as described previously (Rebeiz et al., 1975; Hukmani and Trip<ithy, 1992) . The fluorescence spectra of the hexane-extract ed acetone residue solvent mixture were recorded in the ratio mode using anl SLM Aminco 8000 C spectrofluorometer. The spectra were corrected for the photomultiplier tube sensitivity. Rhodamune B was used in the reference channel as a quantum counter. A tetraphenylbutadiene block was used to adjust the voltage in the sample as well as in the reference channels to 20,000 counts per second at excitation and emission wavelengths of 348 and 422 nm, respectively. The photomultiplier tube wals cooled to -2OOC to increase the signal to noise ratio. The emission spectra were recorded from 580 to 700 nm at excitation and emission bandwidths of 4 nm.
Estimation of Net Synthesis of Pchlide and Chlide
It is reported that 'Pchlide is a feedback inhibitor and regulates the biosynthesis of its own precursor ALA Ameen-Bukhari, 1984, 1986) . To relieve tlie feedback inhibition of ALA biosynthesis, the Pchlide iccumulated during various periods of dark incubation was echausted by exposing the leaves to white light (250 pmol m-' s-l) for 5 min. The residual level of nonphototransformable Pchlide was estimated spectrofluorometrically as described above. The synthesis of Pchlide by the leaves in the dark was linear until 12 h (data not shown). After light exposurc?, the leaves were incubated in the dark for an additional 112 h. Pchlide content was measured after the 12-h dark period. The net synthesis of Pchlide during 12 h was calculated by subtracting the initial nonphototransformable Pchlide contcnt from the final total Pchlide pool. To estimate the net synthesis of Chlide, the leaves were re-exposed to a saturating flux of white light (250 pmol m-' s-') for 5 min after 24 h of dark treatment to phototransform the newly synthestzed Pchlide to Chlicle. Because it is experimentally difficult to distinguish between the newly synthesized Chlide and the Chlide produced during senescence due to dephytylation of Chl, the amount of Chlide synthesized was monitored as the disappearance of Pchlide. To estimate the latter the leaves were quickly homogenized in 80% acetone immediately after a 5-min liglht pulse, and their residual Pchlide level was estimated. This was subtracted from the above net Pchlide content to yield the net amount of Pchlide 1o:;t or Chlide synthesized after various days of senescence. Clifferent sets of leaf samples were used to estimate the net synthesis of pigmen ts.
ALA Deihydratase
The crude enzyme extracts from the control 2nd kinetintreated leaves were assayed for ALA dehydratase activity according to the method of Shemin (1962) wiíh the slight modification that incubation was carried out at 3 7OC for 2 h. 
PBG Deaminase
The crude enzyme extracts from control and kinetin-treated leaves were assayed for PBG deaminase activity after Bogorad (1962) with the slight modification that p-benzoquinone was added as an oxidant.
Chemicals
ALA and kinetin were obtained from Sigma, and PBG was obtained from Porphyrin Products (Logan, UT).
RESULTS
Dark incubation of green barley leaves for 7 d caused substantial loss (85%) of Chl, and kinetin treatment prevented this loss (Fig. lA) , which supports the earlier observation of severa1 investigators (Richmond and Lang, 1957; Thimann, 1980) . Figure 1B shows the accumulation of Pchlide in dark-incubated barley leaves. The O-d sample was taken from the excised barley leaves in light where most of the phototransformable Pchlide was converted to Chlide. Upon dark treatment the Pchlide leve1 of barley leaves increased up to the 4th d and then declined over the next 3 d. Since the leaves were incubated in the dark, the decline in Pchlide content could not be due to its phototransformation to Chlide but must be caused by its net degradation. Kinetin treatment enhanced the Pchlide content of the leaves to 50% over controls. However, unlike Chl, the net degradation of Pchlide was not abolished by kinetin. The pattem of degradation was similar to that of controls. The Pchlide content declined after the 4th d of dark incubation and continued up to the 7th d. Exposure of dark-incubated control and kinetintreated leaves to 10 min of saturating white light phototransformed 80 to 85% of their Pchlide pool to Chlide on the 1st d. Even on the 6th and 7th d of dark incubation the phototransformation of Pchlide to Chlide continued, although with a partially reduced efficiency (10-1296). This demonstrates that the enzymic activity of Pchlide reductase is marginally affected during senescence.
Pchlide is reported to be a feedback inhibitor and regulator of the synthesis of its precursor, ALA AmeenBhukhari, 1984, 1986) . Therefore, accumulation of Pchlide observed under prolonged dark incubation (Fig. 1B) does not reflect the biosynthetic ability of the senescing leaves to synthesize Pchlide. To relieve the putative feedback inhibition of Pchlide on ALA biosynthesis, the dark-treated leaves were exposed to light. To estimate the Chl biosynthetic ability of senescing leaves, the light-exposed leaves were further incubated in the dark for 24 h, and the net synthesis of Pchlide was determined as described in 'Materials and Methods." Figure 2A shows the net synthesis of Pchlide during a "i --;-- 12-h period by the detached barley leaves as a function of days of dark incubation. The synthesis of Pchlide was reduced by 50% by the 2nd d, and the decline continued, gradually diminishing up to the 7th d. In the kinetin-treated senescing leaves, the net synthesis of Pchlide was 50 to 60% higher than that of the controls. However, the rate of decline in the net synthesis of Pchlide remained almost the same as that in the controls. In the Chl biosynthetic pathway the intermediate after Pchlide is Chlide. Therefore, the biosynthetic ability of the senescing leaves to synthesize Chlide was monitored by re-exposing the above 12-h dark-treated leaves to white light as described in "Materials and Methods." Figure  2B shows the net amount of Chlide synthesized by the control and kinetin-treated senescing barley leaves due to phototransformation of the newly synthesized Pchlide. The synthesis of Chlide was reduced by 50% on the 2nd d and continued at a reduced scale (20% of the 1st d) up to the 8th d of senescence. The kinetin treatment enhanced the Chlide biosynthetic ability of the senescing leaves by 50 to 60% over that of control. About 75 to 85% of newly synthesized Pchlide phototransformed to Chlide in the control and kinetin-treated leaves, which indicates that the activity of Pchlide reductase enzyme is not significantly impaired even by the 7th d of senescence.
To account for the decline of Pchlide and Chlide biosynthesis during senescence, the activity of two early enzymes of Chl biosynthesis, namely ALA dehydratase and PBG deaminase, were investigated. ALA dehydratase converts two molecules of ALA to one molecule of PBG (Shemin, 1962) . As shown in Figure 3A , the activity of the enzyme ALA dehydratase to synthesize PBG from exogenously added ALA declined by 50% on the 1st d of senescence and was then further reduced to 20% of the original activity by the 7th d. In kinetin-treated leaves, the enzyme activity was 50% higher than in controls. The PBG deaminase in concert with urogen co-synthase converts four PBG molecules to one urogen 111 molecule (Bogorad, 1962) . Its enzymic activity to synthesize urogen from the exogenously added PBG also declined comparably to that of ALA dehydratase. In kinetin-treated leaves, the enzyme activity was higher than that of controls (Fig. 3B) .
DISCUSSION
During senescence, Pchlide accumulates in the dark until the 4th d and then degrades. Even kinetin fails to stop the rate of degradation of Pchlide. However, kinetin almost completely stops the degradation of Chl under identical conditions (Fig. 1, cf. A and B) . Further investigations are required to ascertain the pathway of Pchlide degradation and to identify the Pchlide-degrading enzymes. Since these enzymes are insensitive to kinetin treatment and Chl-catabolizing enzymes are not, it seems unlikely that the same enzymes are responsible for the degradation of Chl and Pchlide. Kinetin retards the loss of activity of ALA dehydratase and PBG deaminase, two enzymes involved early in Chl biosynthesis. Probably this is manifested in maintenance of the 50% increase in the rate of Chl synthesis over that of the control. Pchlide reductase activity is not significantly affected even by the 7th d, suggesting that the activity of one of the late
Days in dark Senescence-induced changes in t h e activii y of ALA dehydratase (A) and PBG deaminase (B) from the exogenously added substrates in the enzyme extracts of excised barley leaves incubated in the dark for 7 d in water or in 50 PM kinetin. Experimental details are as described in "Materials and Methods." The error bars represent SD, and missing error bars indicate that they are smaller than t h e label marks. enzymes of the Chl biosynthetic pathway is not significantly affected during senescence.
To replenish the disappearing Chl pool the plmt probably keeps this enzyme active to maintain an efficienl Chl biosynthetic reaction from the small amounts of available precursors. Nock et al. (1992) did not detect Pchlide retrluctase after 4 to 6 d of senescence in Fesfuca. Since a trac: amount of Pchlide reductase is sufficient to cany out the enzyme function (Griffiths et al., 1985) , a residual leve1 of the enzyme would phototransform a reduced amount of Pchlide that is produced during senescence. It is also possible that Pchlide reductase in barley is a different isomer and does not completely disappear during senescence. Further investigations are needed to resolve this issue. It is also important to determine the activity of other late enzymes of Mg-branch of tetrapyrrole metabolism, i.e. Mg-chelatase, 5-adenosyl-LMet:Mg-protoporphyrin methyl transferase, hdg-protoporphyrin mono methyl ester cyclase, and Chl synthetase. The net synthesis of Pchlide is substantially reduced but not completely abolished during senescence (Fig. 2) Therefore, the degradation of Pchlide obsenred after the 4th d of dark incubation (Fig. 1) is probably due to the augmentation of Pchlide-catabolizing enzymes. The reduced net synthesis of Pchlide and Chlide during senescence is not due sollely to a high rate of degradation of Pchlide. This is supported by the observation that the activities of two early enzymes of the Chl biosynthetic pathway, ALA dehydratase and PBG deaminase, decline almost to the same extent as that of Pchlide synthesis (Figs. 2 and 3) . Because of some experimental constraints during senescence, it has not been possible to investigate the esterification of Chlide to Chl by the Chl synthetase reaction, which is the last step of Chl biosynthesis. However, even if Chl synthetase activity is reduced to the same extent as that of ALA dehydratase and PBG deaminase, the dark-incubated excised barley leaves when exposed to light on the 7th d synthesize Chl by esterifying the small amounts of Chlide produced during senescence. It is interesting to note that the Chl biosynthetic processes continue in the face of extensive general catabolic reactions.
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